Pulsed electron beam propagation in argon and nitrogen gas mixture, 2015, Physics of Plasmas, (22) The paper presents the results of current measurements for the electron beam, propagating inside a drift tube filled in with a gas mixture (Ar and N 2 ) . The experiments were performed using the TEA-500 pulsed electron accelerator. The main characteristics of electron beam were as follows: 60 ns pulse duration, up to 200 J energy, and 5 cm diameter. The electron beam propagated inside the drift tube assembled of three sections. Gas pressures inside the drift tube were 760 6 3, 300 6 3, and 50 6 1 Torr. The studies were performed in argon, nitrogen, and their mixtures of 33%, 50%, and 66% volume concentrations, respectively. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
Studies of the electron beam propagation in gases are of interest not only for the development of physical representations about the multiple scattering phenomenon and the formation of charged and excited particles but also are very promising for application purposes. For example, they are employed in the pulsed plasma chemical technology, which is applied to synthesize the nanosized metal oxides, [1] [2] [3] [4] [5] [6] and in the pulsed technology, which allows industrial and domestic wastewater treatment and disinfection, 7, 8 etc. 9, 10 Nowadays, there are many experimental and theoretical works studying the electron beam propagation in different gases [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and the main characteristics of an electron beam behaviour during its propagation. In this work, we report about how to increase the efficiency of beam energy transfer varying the configuration of drift tubes. When an electron beam is injected into a gas medium, due to the final timing of gas ionization, the beam leading edge loses particles at the drift tube walls as a result of an action of radial electric fields of the space charge. However, on their way, the electrons manage to ionize the gas, and the remaining part of the beam becomes charge-compensated (the charge neutralization process [11] [12] [13] [14] [15] ). Depending on the ratio of electrons n e and ions n i in the beam volume unit, it reaches a partial compensation (n e > n i ), a total compensation (n e ¼ n i ), or becomes even overcompensated, when n e < n i . [13] [14] [15] The authors present the results of experiments, in which the electron beam was focused by the ion background arising under conditions of the electron beam injection into argon (0.06-0.2 mTorr pressure range). 21 The electron energies were of 1.5 MeV-2 MeV. In addition to the charge compensation, it is necessary to consider the process associated with the current neutralization. [11] [12] [13] [14] [15] [16] [17] [18] [19] In the course of electron transportation, the force, directed opposite to repulsive forces, arises. This force is caused by a magnetic field generated by the electrons moving in the opposite direction. The magnetic field acts on the beam so that it tends to compress, preventing its defocusing.
Investigation results for an electron beam propagating in vacuum and in gases (nitrogen, helium, and carbon dioxide) have been presented. 22 The experiments were performed using the accelerator with the following parameters: 430 keV electron energy, 10 kA beam current, and 15 ns current pulse duration. The beam current was registered using the Faraday cup, located at a fixed distance inside the drift tube. The authors 22 registered an insufficient gas ionization in the case of electron beam propagation in nitrogen under 50 mTorr pressure. In this case, beam charge compensation was also insufficient. The electron beam dissipated under an action of electric repulsive forces. However, the current registered using the Faraday cup was much higher in nitrogen than in vacuum for the same distances. When the pressure inside the drift tube reached 100 mTorr, the effective ionization occurred, and the volume charge neutralization realized. Under increased pressures inside the drift tube, the leading role of current compensation in the process of electron beam propagation, for all types of gases used within these experiments, became evident. 22 The authors pointed out that their experimental results agreed well with the Lawson's predictions. 11, 12 The authors have presented the results of the experimental and theoretical studies for pulsed electron beams propagating inside drift tubes filled with N 2 under pressures ranging from 10 À3 to $10 3 Torr. 23 The experiments were performed using the Hermes-III accelerator with the following parameters: 19 MeV electron energy, 700 kA beam current, and 25 ns duration. The obtained results showed that for the given type of electron beams, there were two ranges of efficient propagation, which were associated with nitrogen pressure. The first range is from 1 to 100 mTorr (a lowpressure area) and the second one is from 1 to 100 Torr (a high-pressure area). Beyond these pressure ranges, the electron beam was developing the instability, which, finally, resulted in its full breakdown. The beam propagating under the first range became significantly ionized, and, the volume ion charge, which was formed after plasma ion generation, restricted it. The paper has reported about high-energy DC electron beams of about 100 keV energy propagating in a rarefied gas. 24 The authors studied the propagation of partially and totally charge-neutralized electron beams, the ranges of gas pressures, and other parameters enabling the efficient energy transfer in gas media. The electron beam of 60 keV energy and 270 mA current was injected into nitrogen under 10 À6 to 10 À5 Torr pressures. Models, describing the radial neutralization distributions in two different cases of incomplete and complete neutralization, have been developed. The experimental data and the calculations were in good agreement. The obtained results confirmed that under complete charge neutralization, the dependence of beam current density distribution was linear, and under partial charge neutralization, the beam current density distribution was nonlinear. The pulsed electron beam was propagating in a low-pressure gas. 25 The authors used a drift tube with an external magnetic field. As a result, the electron beam had become self-pinched at about 10 Pa pressures of nitrogen, air, etc.
Analysing the above-mentioned works, we can conclude that, increased gas pressures changed the electric to magnetic field force ratio, revolutionizing, in this way, a behaviour of the beam propagating inside a drift tube. When pressures inside the drift chamber were below 10 À3 Torr, the radial repulsive forces exceed all others, causing a beam dissipation. If the chamber was filled with a gas of about 10 À2 Torr pressure, the beam propagation mechanism crucially changed. The electrons ionized the gas, releasing secondary electrons, which were repulsed in radial directions outwards of the beam. The remaining positive ions neutralized the beam charge, diminishing the repulsion, while the forces of magnetic compression reduced its diameter. If the pressure subsequently increased up to h ¼ 10 À1 Torr, the gas density was enough to form a well-conducting plasma. The DC induction field caused a reverse current in this plasma, which reinforced a focusing action of magnetic field on the beam. An electron flow was freely drifting with a very low divergence, since all the forces of the beam were balanced. At this pressure, the flow intensity significantly decreased with distance due to the gas molecule repulsion. The electron beam propagation in the gas medium was accompanied by a deceleration and dissipation of beam particles, a gas heating, and an ionization with formation of plasma channels. It also depended on the beam parameters (the electron energy, the current), gas pressure, and sort. The deceleration and dissipation of beam electrons arise from the Coulomb interactions with electrons and ions of gas atoms. The authors studied another important physical process, which influenced the beam propagation in gases. [26] [27] [28] This process was associated with various types of developing instabilities. These instabilities were the main reason of degradation of transportation characteristics of the electron beams propagating in gas media. The instabilities significantly deformed an equilibrium configuration of the beam. One of the most frequent type of instabilities was the firehose resistive instability, the development of which shifted the entire beam, ejecting it onto the walls of the drift tube.
The literature analysis revealed numerous researches dealing with the physics of electron beams propagating in low-pressure gases. However, the studies concerning the interaction of pulsed electron beams with high-pressure gas mixtures were not numerous. [29] [30] [31] The aim of the present paper was the experimental study of pulsed electron beam propagation in argon and nitrogen mixtures. The choice of gas compositions was explained by their wide application in technological processes of the most industrial technologies. 32, 33 
II. EXPERIMENTAL SETUP
The electron beam propagation in the gas mixture (argon and nitrogen) has been studied using the TEA-500 accelerator. 34, 35 The basic parameters of accelerator were as follows: 500 keV accelerating voltage, 10 kA current electron beam, 60 ns half-amplitude pulse duration, up to 200 J pulse energy, and up to 5 pps pulse repetition rate. The electron beam was formed by explosion emission of a graphite cathode of 45 mm diameter. Then, the beam was extracted through the anode window, which was assembled of a support grid (with 95% optical transparency) and a 140-lm thick aluminium foil. The anode-cathode gap for all the experiments was 13 mm. The stability of accelerator operation was controlled using the Rogowski coil and capacitor voltage divider (Fig. 1 , the current and the voltage oscillogram). The charge of extracted electrons was 390-430 lC. The sensorregistered variation of accelerating voltage and the registered beam current did not exceed 5%.
The pulsed electron beam was injected inside a 40-cm long metal drift tube. The drift tube was equipped with three reverse current shunts. The sketch of experimental stand is presented in Fig. 2 .
The experiments were performed as follows: the drift tube was filled in with a gas medium under study and the electron beam was injected inside, the current oscillograms were simultaneously recorded from three reverse current shunts. First, the experiments were performed in argon under 760, 300, and 50 Torr pressures, then in nitrogen under the same pressures. Thereafter, the electron beam was injected in argon-nitrogen mixtures of various volume concentrations. Pressures inside the drift tube were 760, 300, or 50 Torr, and the ratios were Ar: N 2 ¼ 1:1, Ar: N 2 ¼ 1:2, and Ar: N 2 ¼ 2:1.
III. RESULTS AND DISCUSSION
The results of experimental researches of the pulsed electron beam propagation in argon and nitrogen are   FIG. 1 . Oscillograms of the current fed to the diode assembly (1) and of the injected into the drift tube beam current (2). Oscillograms were averaged to five successive pulses. presented in Figs. 3 -5. The figure shows the oscillograms of the accelerating voltage (1), the electron current closing on the walls of the first section of drift tube (2), the electron current closed on the walls of the second section of drift tube (3), the electron current reaching the back flange of drift tube-Section III (4), and the total reverse current closed on the walls of drift tube (5).
When the pulsed electron beam propagated in argon under 50, 300, and 760 Torr pressures, the back edge of signals coming from the electron current closed on the walls of the first and the second sections of drift tube, of those coming from the electron current having reached the back flange of drift tube, and of total reverse current closing on the walls of drift tube tailed. This tailing indicated that in Ar, the lifetime of the plasma arising in the course of pulsed electron beam travelling was longer than in N 2 . The reverse current shunt signals tended to tail in the experiments with an increased Ar fraction of the gas mixture (Ar þ N 2 ). For argon, the amplitudes of the current electrons closing on the first and the second sections of drift tube were the same within the limits of experimental error for all pressures under study (50, 300, and 760 Torr). When the pressure inside the drift tube was 50 Torr, the current amplitude of electrons, which reached the back flange of drift tube, was 2 kA, while under 300 and 760 Torr pressures, its value did not exceed 1 kA. The pulsed electron beam dissipation on the drift tube walls was maximum in the range of the given pressures.
The main feature of the experiments on the electron beam propagation in argon is that the amplitude of entire reverse current closing on the drift tube walls was lower in comparison with that of injected beam current (6 kA) (Fig. 1) . The amplitude of the entire reverse current was 3.2 kA at 50 Torr pressure, and 2 kA at 300 and 760 Torr. We assume that the difference between injected and measured number of electrons was due to the ionization of Ar molecules and the subsequent Ar recombination (a significant number of electrons was absorbed by the medium). The participation of drift tube structural elements in recombination was minimum. The formation of a virtual cathode preventing the beam propagation inside the drift tube and the subsequent beam current closing along the plasma skin-layer were also probable.
We have performed a calorimetric study of the pulsed electron beam propagation in argon under 50, 300, and 760 Torr pressures, which verified that the virtual cathode was not formed. 36 This allowed us to conclude that the propagating in argon pulsed electron beam almost avoided dissipation on the drift tube walls. The plasma conductivity was sufficient, and the beam closed along it. Under pulsed electron beam propagation in nitrogen, the value of the total reverse current amplitude closing on the drift tube walls for 50, 300, and 760 Torr pressures was the same (about 4.2 kA) within the error limits. This value was also lower than that of the beam current injected into the drift tube. In nitrogen, the plasma was formed in the same way as in argon, and the remaining part of the electrons were closing along. In nitrogen, under 760 Torr pressure, the electron current amplitude coming from the back flange of drift tube was 0.9 kA. The dissipation of the propagating in nitrogen electron beam on the drift tube walls was more substantial in comparison with argon under 760 Torr pressure. For other pressures of argon and nitrogen, the values of current amplitudes registered for the electrons closing along the first and the second sections of drift tube were the same within the limits of experimental error. Fig. 6 presents the results obtained for the nitrogenargon composition. In this case, we employed the values of charges falling on the walls and reaching the back flange of drift tube.
Analysing the results of studies obtained for the pulsed electron beam propagating in the gas compositions under 
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Phys. Plasmas 22, 103116 (2015) This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: study, the entire pressure inside the drift tube 760 Torr, and N 2 :Ar ¼ 2:1 ratio, we have seen that the value ratios of electron charge falling on the walls of the first and second sections of drift tube were the same within the limits of experimental error. When the volume concentration of argon inside the drift tube increased, the ratio of all q/q 1 values decreased. In the case, when the total pressure inside the drift tube was 50 Torr, for N 2 :Ar ¼ 2:1, N 2 :Ar ¼ 1:1, and N 2 :Ar ¼ 1:2, the value ratio of electron charge (q) falling on the walls of the first section of drift tube and of those (q 1 ) injected into the drift tube was similar within the limits of experimental error. The value ratio of electron charge falling on the walls of the second section of drift tube, reaching the back flange of drift tube, and closing all over the walls of drift tube was similar under 50 Torr pressure. Under 300 Torr and increased argon volume concentration, the ratio of the value of the electron charge falling on the walls of the first section of drift tube to that of the electron charge injected into the drift tube increased, while the value of the charge of electrons falling on the walls of drift tube decreased. In this case, the pulsed electron beam dissipated on the walls of the first section of drift tube. It seemed to be associated with recombination and relaxation processes occurring in plasmas of various compositions.
IV. CONCLUSION
The work has presented the research results on the pulsed electron beam propagating in argon, nitrogen, and a gas mixture (argon and nitrogen) under 760, 300, and 50 Torr pressures. In nitrogen, the pulsed electron beam propagated more efficiently in comparison with argon, under all pressures studied within the present work. Under 50 Torr pressure, a change of argon concentration in nitrogen of 33%-60% did not have any effect on the pulsed electron beam dissipation. Under 300 and 760 Torr pressure, an addition of argon to nitrogen of 33%-66% concentration decreased the electron beam dissipation in the initial region of drift tube. The maximum absorption of the electron beam occurred in argon. Gas compositions of high argon volume concentrations require the highest beam energy embedding. This allows us to conclude that argon is very promising as an efficient buffer gas for different technological processes.
